The Ming-Qing transition (MQT) was a watershed in Chinese history. Events in three critical regions-North China Plain (NCP), southern Inner Mongolia (IM), and the Liaodong Peninsula (LP)-paved the way for political change in the latter years of the Ming dynasty. These developments occured in part as a response to climate change. Climate in these regions is controlled by topography and monsoon intensity (summer and winter). Here, we compare historical records with multi-proxy temperature and moisture reconstructions to understand the linkage between climate, the rise of the Manchu, and the collapse of the Ming dynasty and Mongolian steppe. In the last decades of the Ming, both the Ming and Mongolian steppe suffered from the most severe drought and winter cold of the past 500 years. Under the stress of this event, the political and economic systems of the Ming dynasty collapsed, although drought and cooling in the LP were not so intense, due to a maritime effect on climate. This allowed for enhanced precipitation by typhoons, and sustained agricultural development. During this period, the Later Jin (then Qing) seized an opportunity and occupied the LP. Simultaneously, a Manchu-Mongolian alliance formed. They defeated Lindan Khan and conquered North Korea, which removed the military threat from the east. This alleviated the economic pressure imposed by war, and rapid population expansion ensued. Finally, a new dynasty was established in the Central Plains.
Introduction
accuracy of expression, we use Later Jin (1616) (1617) (1618) (1619) (1620) (1621) (1622) (1623) (1624) (1625) (1626) or Qing (after 1636) to refer to the different internal Manchu stages.
We first compare the differences of modern temperature and precipitation in three key geographic regions of northern China and show that the Liaodong region has the most favorable climate conditions among them. Next, we look at spatial temperature and precipitation patterns in these three key regions in the past, based on historical documents, and the most up-to-date available multi-proxy climate records. These are used to reconstruct a high- Fig. 1 China's northern frontier during the late Ming period. The locations of climatic records used in this study are as follows: (1) Wanxiang Cave speleothem record, (2) Huangye Cave speleothem record, (3) Lake Gonghai, (4) North China, (5) Lake Xiaolongwan, (6) Liaoning Dry-wet index, (7) Korean flood record, (8) Korean drought record, (9) Great Hinggan Mountain, (10) Mongolia, (11) Kherlen River, Mongolia, (12) Inner Mongolia, (13) Dali lake, (14) East Asia, (15) Daihai, Inner Mongolia, (16) The North China Plain, (17) Sihailongwan, Northeast China, (18) Laobai Mountain, Northeast China resolution precipitation record for Northeast China that spans the last 550 years. The possible linkages of these climate patterns to the collapses of the Ming and Mongolia, and the rise of the Manchu are emphasized. Whereas bad weather conditions accelerated the decline of the Ming dynasty, they were by no means the only cause of the decline. Different social adaptive systems employed to cope with these changes are also considered. This study integrates the methodologies of historical and environmental sciences at a regional scale with frequent longterm observations. The results have the potential to address the theory of central plains and nomadic conflict (Barfield, 1992) .
Study area
The Ming, the Mongolians, and the Later Jin (Qing) collided centuries ago and shaped the course of Chinese history into the twentieth century. Here, we associate these groups with geographical regions. The Ming was mainly represented by the MLYR, including most of the North China Plain (NCP) and part of the Loess Plateau (present Shanxi and Shaanxi provinces). This region included the most important political and economic centers of the Ming dynasty and was the site of numerous social and economic crises. For example, the famous peasant riots which contributed to the fall of the Ming occurred within this region. This region was also the site of numerous conflicts between the inhabitants and neighboring ethnic groups. The Mongolians occupied grasslands to the north. Historical sources refer to them as Mo'nan and Mo'bei Mongolians, and they were separated by the Gobi Desert. The former were closely linked with the Central Plains, and from there, the Mongolians maintained attacks on Ming people to the south (Fig. 1) . This led to a tense situation on the frontier throughout the Ming dynasty. The southern Mongols occupied what is now IM. At that time, the Jianzhou Jurchen group (referred to as the Later Jin or Qing), led by Nurhaci, thrived in Northeast China. After gradually conquering rival Jurchen tribes such as the Hada, Wula, Huifa, and Yehe, they began to invade the Han (Chinese). Nurhaci occupied the LP in the Ming dynasty. Following Nurhaci's death, his son, Hung Taiji (Huang T'ai-chi; 1592-1643) established the Qing Empire. The glory of breaking through Shanhai Pass and taking the throne in Peking fell to Huang Taiji's 6-year-old son.
Although they are both affected by the East Asian monsoon, these three areas have substantial regional differences. The elevation of the LP is relatively low, about 500 m a.s.l., whereas the elevation of the MLYR ranges from about 0 to 2000 m. Northeast IM ranges from 500 to 1000 m a.s.l., typical of steppe environments. Most of the south-central IM region is between 1000 and 2000 m. Precipitation in all these areas is brought primarily by the East Asian Summer Monsoon (EASM). In general, regions furthest from the southern source of the monsoon rains are more susceptible to drought. In central China, there are also topographic barriers that impede the transport of monsoon rains, such as the north-south trending Greater Khingan Range and Taihang Mountains. These ranges contribute to relatively large precipitation variability in the plateau region to the north. The LP and the NCP are east of these central mountain chains and receive more precipitation than IM and the Chinese Loess Plateau. The LP is also relatively humid, due to its proximity to the sea, and a portion of its moisture supply can come from typhoon rainfall. Although this augments its moisture supply, heavy rainfall associated with typhoons can also lead to flooding.
The annual average temperature (AAT) of the eastern Yellow River basin is the highest of the three regions, up to 12-16°C. Despite its higher latitude, the temperature of the LP is relatively high (8-12°C), due to its proximity to the sea. IM is close to the west side of the Greater Khingan Range, and there, the AAT is very low, below 4°C, and the AAT is 4-8°C in the central and southern portions of IM. In addition to the AAT, an important parameter is the accumulation temperature (degree-days) greater than 10°C, which is a measure of agricultural conditions. This value in the NCP and Liaodong area is up to 3400-4500°C, and in IM, it is between 1600 and 3400°C. Hence, climate conditions in the Liaodong region are relatively favorable for agricultural development (Fig. 2) .
Methods
In this study, we used historical documents to reconstruct precipitation time series in Liaoning province from 1400 to 1950. Details of documentary sources used for the precipitation reconstruction are given in the supplementary materials (Text S1 of the ESM). Researchers have reconstructed numerous high-resolution precipitation index series all over the world using documentary evidence (Brázdil et al. 2018; Bra'zdil et al. 2003; Pfister and Brázdil 1999; Zheng et al. 2018) . It can be verified that the reconstruction of precipitation indices is accurate and can be compared with the other proxy records. The descriptions of past dryness/ wetness conditions were obtained from historical documents. These texts were scrutinized for their accuracy and consistency and then transformed into a quantitative dryness/wetness index. This index uses five grades (1 very wet, 2 wet, 3 normal, 4 dry, 5 very dry) to describe climate conditions. The detailed quantitative methods followed Zhongguo Jin Wubainian Hanlao Tuji (CAMS 1981) . Historical documents are particularly well-suited to the study of this period because the numbers of appropriate documents increase gradually from 1400. The records ended in 1950 because they were replaced with systematic meteorological observations, and historical documents were no longer necessary. In order to avoid errors caused by convergence of historical documents and modern observations, this study does not include the sequence from 1950 onward. Although there are a large number of historical documents available for extracting wet and dry sequences in the study area, the numbers recorded in the literature are not complete and uniform. Not all historic years have a clear wet and dry record, so this sequence is missing some years. In addition, the earlier the period, the fewer documents available. For example, only 66 data points of this sequence are available during the 200 years from 1100 to 1400. However, there were 325 years with data from 1400 to 1950, accounting for 59% of the entire sequence length, and representing a resolution of 1-2 years. Therefore, we only reconstruct the precipitation series from 1400 to 1950. This high-resolution data accurately reflects the changing climate. For the period 1600-1650 that we are especially concerned with, there are 29 years with accurately documented climate information, plus the data for 1605, 1614, 1617, 1625, and 1633 obtained by interpolation, accounting for nearly 70% of the entire sequence length (Table S1 ). The precipitation reconstruction of Liaoning is verified and validated (in another paper, in preparation). A five-point moving average is used to filter out high-frequency variability.
In addition, results from tree rings, lacustrine sediments, historical literature, and some comprehensive integration studies are used to reconstruct temperature and precipitation in different areas. We set several criteria to select proxy records for inclusion in our study. Firstly, the proxy indicators should be indicative of temperature or precipitation changes, without ambiguities. Secondly, because we mainly want to understand climate conditions from the late Ming to the early Qing dynasty, high-resolution data are required. Thirdly, we selecte as many records as possible instead of a single record. Fourthly, priority is given to high-precision integration sequences. Finally, for some regions, where climate records are scarce, data from adjacent regions are used, with the prerequisite that the precipitation data for the two regions follow a strong positive correlation (Table 1) .
Because climate change within the MLYR is highly consistent (Cheng 2015) , and for convenience of comparison, we selecte NCP climate records which are from the core area during the Ming dynasty to represent the region. In the NCP, AAT and May-September temperature series based on historical literature and high-resolution data integration are used.
The IM region has a lake record of AAT, but summer temperatures are not resolved. A lake record and a tree ring sequence are used in Northeast China, which both indicate summer temperatures. In addition, this study cites summer temperature data from East Asia since 800, and in particular, the period from 1400 to 2000. For precipitation, there are 5 climatic data available for the NCP and the Mongolian Plateau. These records are mainly reconstructed from stalagmites, tree rings, and lake sediments. In Northeast China, in addition to a lake record, the drought index reconstructed by historical documents and the flood frequency data from the Annals of the Joseon Dynasty in Korea are both used. These proxy records are compared with the drought and flood index series reconstructed in this study.
Results

The temperature of the three regions during 1600-1650
Although the global average temperature declined by only 0.3-0.4°during the LIA, temperature declines in some areas were as high as 1°. Especially in winter, cooling is more obvious (Shindell et al. 2001) . During the particularly cold periods, the NAO index was negative and cold air from high latitudes moved southward, causing the northern hemisphere to cool down (Degroot 2018a) . Climate was cold during the LIA, with some significant fluctuations. The coldest period of the LIA was from the end of the sixteenth century to the end of the seventeenth century and the coldest century from 1000 to 2000. Reconstructed Chinese temperature records of Ge et al. demonstrate that the temperature during 1560-1650 in northern China was about 0.7°lower than those observed from 1951 to 2000 (Ge et al. 2013; Zheng et al. 2014) (Fig. 3 ). This period corresponds to the so-called Grindelwald Fluctuation (1560-1630). Although solar radiation was still high at this time (Degroot 2018a) , AAT was low. This may be related to the negative NAO index (mainly affecting winter temperatures) (Trouet et al. 2009 ) and frequent volcanic eruptions.
The 10-year resolution temperature series in the NCP during the LIA was reconstructed based on historical documents. It shows that the AAT experienced the greatest amplitude and highest rate of change, in the late Ming dynasty. In just a few decades, the amount of cooling was as high as 1° (Wang 1998 ). However, a summer temperature curve for North China, which integrates multiple high-resolution climate proxy data, indicates that, although there were small fluctuations, summer temperatures were relatively high (Yi et al. 2011) (Fig. 3) . Since there were high summer temperatures and lower AAT, it can be concluded that severe cold in winter must have caused the decrease in AAT. The reason for this winter-summer temperature configuration is reflected in the negative NAO index, which represents frequent cold air activity in winter, and low AAT in the northern hemisphere, coincident with relatively high solar radiation that enhanced summer temperatures.
Temperature series of several hundred years from the southern Mongolian Plateau are rare. Due to frequent human disturbance, it is difficult to obtain long tree ring sequences. However, such sequences (since 800) are available for the northern Mongolian Plateau (Cook et al. 2013) . We cite this data to show the overall summer temperature conditions in East Asia during the LIA (Fig. 3) . At present, the data available for IM are from Daihai covering the past 800 years (Cao et al. 2003) . Despite a low temporal resolution, large climate fluctuations can be identified. In the late Ming dynasty, the area around Daihai was also a center for Mongolian tribal activities. During this period, temperatures in IM were reduced and AAT was as low as 1° (Fig. 3) . The Mongolian temperature series is in good agreement with those for the NCP and the whole country, but the lowest temperatures recorded by lakes were not from the sixteenth to seventeenth centuries. (Cook et al. 2013) . (E) Summer temperature reconstruction for the North China Plain since 1470 (Yi et al. 2011) . (F) Tree ring-based April-July minimum temperature reconstruction of Laobai Mountain (Lyu et al. 2016) . (G) Alkenone-based temperature reconstruction for growing season over the past 1600 years from the varved sediment in Lake Sihailongwan, Northeast China (Chu et al. 2011) Compared with precipitation, temperatures observed for different regions are very consistent. In the context of the past few thousand years, Northeast China AAT were low during the LIA (Hong et al. 2000) . A high-resolution LIA temperature record from Xiaolongwan Lake and a tree ring record from the Greater Hinggan Mountains show that, although the LIA was a low-temperature period, temperatures for the growing season during 1600-1650 increased and the lowest temperature in April-July was moderate (Chu et al. 2011; Lyu et al. 2016) . The site of the former record is relatively close to the LP, and the record implies that not all northeastern sites suffered from low temperatures. In particular, the Liaodong area had a higher AAT and growing season temperature than other northeastern sites during the LIA.
The precipitation of three regions during 1600-1650
Our long-term data come from a dataset that includes May-September precipitation data over the past five centuries (1470-1999) (Yi et al. 2011 ). This dataset was reconstructed from tree rings, historical documents, ice-core records, and a few long-term instrumental data. This sequence covers most of the MLYR and can be used as a representative sequence for the region. The precipitation index suggests that the region experienced extreme drought from 1605 to 1645 (Fig. 4) . Other records also support these results (Liu et al. 2011; Tan et al. 2010; Zhang et al. 2008) . A prevalence of drought conditions has been attributed to sea surface temperature anomalies, a southern position of the ITCZ, and a weak summer monsoon (Cook et al. 2010; Sinha et al. 2011; Yancheva et al. 2007; Zhang et al. 2008 ). In addition, enhanced evaporation due to high summer temperatures also exacerbated drought. Drought in the late Ming dynasty was frequent, severe, and lengthy. Studies have shown that the prolonged drought of 1627-1643 may have been the most persistent drought since 500 (Zheng et al. 2014) . Figure 5 shows high-resolution precipitation/runoff records for the Mongolian Plateau. Of these five records, three were from high-resolution tree ring studies with a resolution of up to 5 years. A series of papers reconstructed Palmer Drought Severity Index values, wet-dry index values, and estimated runoff on the Mongolian Plateau (Davi et al. 2013; Liu et al. 2007; Pederson et al. 2014; Xiao et al. 2007 ). Figure 5 shows a prolonged drought event from 1605 to 1650, shaded in yellow. Tree ring records in Hohhot, IM, and central Mongolia confirm that this was the most prolonged drought of the past 400 years. Runoff reconstruction results for the Kherlen River show only a slight decrease at this time. TOC analyses from Lake Dali, with 10-year resolution, also suggest that the period from 1600 to 1650 was the driest period within the past 2000 years. Odd/even predominance (OEP) values for peat deposits from the Great Hinggan are another indicator of water level, as higher values reflect increased n-alkane preservation under waterlogged conditions, and lower values indicate accelerated degradation under aerobic conditions (Zhang et al. 2014) . Low OEP values for the Great Hinggan deposits indicate arid climate conditions from 1600 to 1605 (Fig. 5E) .
In order to understand the climate encountered by the Manchu, four high-resolution precipitation records were selected. Two of them come from Northeast China. The first is mainly a sequence of droughts and floods in Liaoning, especially on the LP, reconstructed in this study. The second record is the ratio of herbaceous to tree species calculated by pollen analyses from Xiaolongwan Lake (Sun et al. 2013) . High ratios reflect times of high grassland coverage. There is a strong correlation between the precipitation in the Liaodong area and North Korea (Table 1) . Therefore, flood frequency series and spring-summer drought index series, from the Annals of the Joseon Dynasty in Korea, are also considered here (Kim and Choi 1987; Yoo et al. 2015) .
In Fig. 6 , it is evident that drought was dominant at this time, despite differences in the temporal resolution of the records. Record A suggests that the climate was more arid from 1607 to 1622, followed by a brief relatively wet decade, from 1623 to 1634, after which the climate became drier. A high ratio of grassland to forest was also observed during this period, with a decrease in forest area and an expansion of pasture area (Fig. 6B) . Flood frequency records of North Korea show that, most of the time, the flood frequency was moderate and, (Liu et al. 2011) around 1620, attained its lowest value. The Korean spring and summer drought index sequence also implies that this period was relatively moderate, neither too wet nor too dry. In general, the northeast region was drier at this time; however, the region did not experience the severe conditions inferred for the MLYR and southern IM. This is presumably due to a maritime influence that brought moisture from the adjacent sea. (Davi et al. 2013) . (E) Odd/even predominance (OEP) values for the Great Hinggan peat sequence (Zhang et al. 2014) 
Possible climatic impact on the Ming-Qing transition
Climatic change and simultaneous collapse of the Ming and Mongolia
The impact of extreme climate in the late Ming dynasty on the MLYR can be understood in terms of the devastating effects of crop losses on an agriculture-dominated society. The extreme climate conditions are reflected in high AAT and seasonal temperature values. Winter wheat was the main crop at that time, and extremely low winter temperatures during this period were not conducive to wheat growth. It is generally believed that higher growing season temperatures are beneficial to crop growth. However, rapid warming in summer can also increase evaporation and aggravate drought. Drought conditions were mentioned in the literature of the late Ming dynasty, with expressions such as Bsummer drought^and Bthousands of miles of barren land.^One of the strategies to mitigate the impact of drought at this time was the widespread cultivation of sweet potatoes (Jia 2013 ). Grass/tree ratio of Lake Xiaolongwan, Northeast China reconstructed from the lipid biomarker method (Sun et al. 2013 ). (C) Flood frequency sequence from the Annals of the Joseon Dynasty in Korea (Yoo et al. 2015) . (D) Korean Drought Index (DI) reconstruction based on the Annals of the Joseon Dynasty (Kim and Choi 1987) Land resources suitable for cultivation are also important to stable economic development. Due to the population decline caused by the war and famine during the Ming-Qing transition, a substantial amount of arable land was abandoned. The total amount of cultivated land in the empire fell from 191 million Mu (one Mu equals to 0.1647369 acre) in 1602 to 67 million Mu in 1645 (Ho 2000) . The whole social and economic system became entangled in a vicious circle. The dry and cold climate in northern China during the 1600s led to serious desertification which further impacted the number of military farms and crop yields. Toward the end of the Ming dynasty, the entire military farm system nearly collapsed (Zheng et al. 2014 ). In the early Ming dynasty (1403), grain income from reclamation was 23 million Dan, but by the middle period (1520), grain income from reclamation had fallen to 1 million Dan (Liang 1980) . In the latter period, the state tax no longer collected grain but replaced it with silver. Income from national reclamation went from 148,000 Liang silver in 1522 to 28,000 Liang silver in 1625 (Liang 1980) . Due to the decrease of available farmland, most of the military provisions in the frontier regions were supplied externally, notably from South China.
Supplies to secure the northern frontier were sorely lacking during the late Ming dynasty due to economic pressures. Peasants not only had to feed themselves and their families but also bore a considerable tax. In desperation, they followed a road to rebellion. At the same time, the effect of desertification on fortresses became severe, and in order to maintain a defense system, more investment was necessary (Cui et al. 2017) . Eventually, the army in northern Shaanxi led by Li Zicheng successfully occupied Beijing. However, the city was soon after occupied by the Qing, leading to the Ming demise.
Scholars have used MODIS NDVI data to reconstruct the vegetation coverage of the Mongolia Plateau from 2000 to 2010. It is found that precipitation was one of the main controlling factors for vegetation growth in the area during the past 10 years (Bao et al. 2013) . The correlation between vegetation cover and precipitation for most grassland growing seasons in IM is significantly higher than that of temperature (Zhang et al. 2013 ). In particular, desert and grassland vegetation are positively correlated with precipitation and have no significant relationship with temperature (Miao et al. 2014) . Precipitation affects grassland productivity by affecting soil moisture (Pederson et al. 2014) . Therefore, we mainly focus on the impact of drought on the grassland economy.
A variety of evidence shows that drought events occurred in Mongolia during this period (Fig. 5) . Of the three regions, Mongolia was particularly vulnerable to climatic deterioration, due to its leeward slope, relatively northern latitude, and low precipitation and temperature. The productivity of dry grassland pastures decreased greatly, as did the number of livestock that could be fed. Extreme low winter temperatures would also have a serious impact on livestock overwintering. Many documents confirm that Mongolia was in trouble at this time because of a grievous dearth of food (Table S2 ).
Rise of the Manchu under warm summer and moderate dry climate conditions
Although the decline of the Ming dynasty and Mongolia was likely influenced by poor climate associated with the retreat of the summer monsoon, the effects of drought were more serious on the MLYR and IM than on the LP, which is located on the windward slope along the east coast. As noted above, the maritime influence and rains from typhoons mitigated the occurrence of drought there. Moreover, since flooding was a primary impediment to stable agriculture, moderate drought proved helpful in this case (Fu 2011 ).
In the late Ming and early Qing dynasties, sorghum was planted successfully on the LP, along with winter wheat and spring wheat. If the inhabitants experienced a dry summer, winter wheat was planted in autumn; if the winter was dry, spring wheat was planted (Zhuang 2018) . It can be seen that too much water has always been the main factor restricting the development of agriculture here. Rice and soybeans were also cultivated as staple crops at the time. They are planted in spring and harvested in autumn, so low winter temperatures will not affect them. Conversely, a slightly higher growing season temperature was beneficial. In a word, although the Liaodong region experienced drought and low winter temperatures during the LIA, climate conditions still favored sustained agriculture.
Despite a reliance on hunting in Jurchen society, they were still actively engaged in agriculture. Through agricultural production, Nurhaci maintained a surplus food supply and an economic foundation to sustain his military power. After the conquest of the LP, the harvest of Later Jin was quite rich. Table 2 lists lands and food reserves in the Liaodong region from the historical documents during 1621-1622. In 1621, the cultivated land in Haizhou reached 300,000 shang (1 shang = 1 ha), and 200,000 shang in the Liaodong region. In 1622, the grain output of a fortress in the Liaodong area was about 500,000 Dan (Zhuang 2018) , and a Dan in the Ming dynasty was about 90 kg, so the grain output at that time attained about 45,000,000 kg. The population of one fortress was about 20,000, so this is about 2250 kg per capita. At the time, about 300 kg was sufficient to support an individual for 1 year. Hence, as the supply far exceeded the minimum threshold, food was plentiful and the resources available on the LP attracted people to move there. The population increased dramatically, and with the increase in both Han and Mongolian inhabitants, the per capita supply of food was reduced. This prompted the Manchu to take further measures.
As early as Zhengtong's reign (1436-1449), Haixi and Jianzhou Jurchen had experience in farming (Yi 1994) . When Nurhaci began the conquest of Nikanwailan, they used surplus grains to trade with the Han People in Fushun (Zhao 2016) and agriculture had become a dominant contributor to their economy. To develop their agricultural base, a number of steps were taken by the Manchu regime. First, they allocated land according to the population which included both the Eight Banner soldiers and young servants. The purpose of the allocation was to connect the Manchu people with the land and to ensure adequate manpower and food supply. Second, they actively reclaimed uncultivated land and let garrison troops or peasants cultivate grains in the Liaohe River area. Third, they forced the Mongols to plow. Finally, they built granaries to store the grains. The development of agriculture during the rise of the Manchu kept up with an increasing population, and the nation was prosperous (Table S2) . However, by the time Huang Taiji ascended to the throne, excessive expansion and development had led to new food shortages (Table S2 ). These shortages were not caused by natural environmental factors, but by the influx of an increasing number of Mongolian and Han people.
Discussion
Possible climatic impact on the wars between Ming and Manchu
The road to the rise of the Manchu was also a road to war. Later Jin (Qing) successively unified the four Jurchen tribes, defeated North Korea, recovered Mongolia, and eventually entered the Central Plains (Table S3) . From a geographical perspective, the Later Jin's (Qing) conquest of the Ming dynasty progressed from east to west and north to south. The sustained war launched by the Later Jin was supported by their development of a healthy agricultural base under the prevailing climate conditions. Their expansion into the NCP was enabled by an economic recession and food shortages during the Ming dynasty, fueled by drought and low temperatures in northern China, its political core area. Subsequent famine provoked peasant uprisings which destabilized society. Resources were imported from southern China to mitigate the shortages in the north; however, by the late Ming dynasty, southern China also suffered from a fiscal crisis. During this period, southern China experienced high precipitation and frequent floods (Chen et al. 2015; Feng 2011) . These floods significantly disrupted agricultural harvests and led to famine, and a massive population and economic decline (Feng 2011) . In short, extreme climate in the late Ming dynasty had a devastating impact on the economy of both northern and southern China. The fiscal resources of the Ming fell, as the cost of war increased. By the end of the Ming dynasty, war expenditures on the Liaodong battlefield alone far exceeded the government's annual income. An insufficient food supply and unpaid wages led to instability in the army and retreat on the battlefield. In 1619, for example, historical documents describe a severe cold winter in Liaodong, where soldiers lacked not only food but also clothing. A large number of people died of hunger and cold that year. It was a turning point in the Ming-Later Jin war, as the Sa'er'hu battle (1619) broke out and the Ming was defeated. From this time, the Later Jin controlled the Liaodong area completely (Table S3 ). The Later Jin began to reclaim available land on the LP and cultivated cotton as early as 1616 to manufacture clothing. When cold weather arrived, Nurhachi said that they were not afraid of the cold and had minks to wear. Jurchens people, originating in Northeast Asia, were accustomed to cold weather and employed a variety of long-standing strategies to cope with it. Historical documents show that, during a particularly cold winter, the Songhua River froze, in October 1615. The Later Jin army crossed the frozen river in a surprise attack. The Ming army was not prepared and suffered the loss of more than ten fortresses. By 1636-1642, the drought in NCP had taken a persistent toll, and the Qing took the opportunity to mount a large-scale attack, repeatedly crossing the Great Wall, and entering Shandong to the south. In 1644, the last line of defense, Shanhaiguan Gate was opened and after this point, the Manchu began to settle in the Central Plains.
Drought impacted tripartite relationship during the Ming-Qing transition
Southern Mongolia was also affected by drought and eventually succumbed to famine. The Ming dynasty was not in a position to offer relief (Table S2 ). In 1620, for example, a famine in Mongolia prompted tribal members to travel to the Ming borderland to ask for food. Yuan Yingtai, a Liaodong chief executive, agreed to feed them but was strongly opposed by central ministry officials. Their reason was that the Ming economy was already on the brink of collapse and unable to extend resources to others. Wars among the Mongolian tribes also occurred, and the Ming adopted a strategy Bto control barbarians by barbarians^to counter the Manchu threat and provided aid to Chahars Mongolia, ruled by Lindan Khan. However, most Mongols did not benefit from this arrangement. Historical documents record instances where Mongolians robbed grain along the borderland. At that time, the Mongolian grassland was numerously divided and Chahars Mongolia had furious conflicts with other tribes. Although Lindan Khan wanted to unite the steppe, his personal prestige was not sufficient to convince the public and he failed. These factors eventually impelled a majority of Mongolian tribes to seek refuge with the Manchurians and formed the nucleus of a Manchu-Mongolian alliance. Meanwhile, Lindan Khan was ostracized for his alliance with the Ming and was eventually defeated by Huang Taiji. In the end, the Qing completely controlled the southern Mongolian steppe.
The collapse of the Ming dynasty and the Mongolians offered a unique opportunity for Manchuria to become autonomous. They administered the state using dual organization and took advantage of their success in forming alliances with Mongolian tribes from the northern steppe (Barfield 1992) . They conquered North Korea through two major campaigns to remove the military threat from the east. Through trading and tribute extracted from North Korea, the Qing also alleviated economic pressures from the war. Finally, when the opportunity came, they successfully entered the Central Plains and established a new dynasty.
Conclusion
We present a pattern of abnormal climate from three regions-NCP, southern IM, and the LP-that occurred during 1600-1650 and contributed to the fall of the Ming dynasty. Specifically, we report on low winter temperatures and low AAT, high summer temperatures, and reduced precipitation in all three regions. These changes were associated with a period of relatively higher solar radiation (elevated summer temperatures), and a negative NAO index (depressed winter temperatures and AAT). Precipitation records from the NCP and the Mongolian Plateau show prolonged and frequent drought events from 1600 to 1650. These conditions disrupted stable agriculture and led to political and economic collapse.
A 550-year high-resolution wet-dry climate record from Northeast China was reconstructed based on historical documents and compared with climate proxy records from NCP, and southern Mongolia. In contrast to the extreme drought of the other two regions, the drought of Northeast China was moderate. The maritime influence on the LP mitigated the effects of drought and allowed for stable agricultural development. Moderate drought was even favorable, as it mitigated the occurrence of flood events. Taking advantage of the moderate climate on the LP, the Manchurians reclaimed arable land and established policies to promote agricultural development. Supported by a strong economy, the Manchu organized a Manchu-Mongolian alliance to expand their base. They conquered North Korea and attacked the Ming society when it was weak and finally succeeded in conquering the Central Plains.
Although the Ming-Qing transition occurred within a complex social background, this study shows the significance of climate on the simultaneous collapse of the Ming dynasty and Mongolia, and the subsequent rise of the Manchu. The impacts of climate change on economic development in different regions are quite different, which eventually led to various social development trajectories of these regions. For thousands of years, the conflicts and wars between the Central Plains farming people and the nomadic people from the steppe were waged continuously. From the Tuoba Xianbei (Wei and Jin), Kitan (Liao), Jurchen (Jin), and Manchu (Qing), the northeast tribes found opportunities to enter and establish themselves in the Central Plains. When drought and cold ensued, both the Central Plains and the steppe societies collapsed, while the Manchu conquest achieved complete victory (Barfield 1992) . Their victory benefited from the decline of the Ming dynasty that left the country's political and economic systems in ruins. However, it was the implementation of effective political and economic strategies that followed ensured lasting success. 
